Superquantum ("PR-box") correlations, though designed to respect relativistic causality, violate relativistic causality in the classical limit. Generalizing to all stronger-than-quantum bipartite correlations, I derive Tsirelson's bound from the axioms of nonlocality, relativistic causality and the existence of a classical limit. This derivation of Tsirelson's bound does not assume quantum mechanics yet suggests how Hilbert space is implicit in quantum correlations.
The logical structure of the special theory of relativity is exemplary: two axioms, each with a clear physical meaning, are so nearly incompatible that a unique kinematics reconciles them. In comparison, the axioms of quantum mechanics [1] are opaque. Aharonov [2] suggested, by analogy with special relativity, that also quantum mechanics might follow from two axioms with clear physical meanings: nonlocality and relativistic causality. Quantum nonlocality comprises nonlocal equations of motion [3] and nonlocal correlations; here we focus on correlations. Quantum correlations are nonlocal-they violate the Bell-CHSH [4] inequality-but respect relativistic causality-they do not transmit superluminal signals.
Nonlocality and relativistic causality seem incompatible, yet quantum mechanics reconciles them. Is quantum mechanics unique in reconciling them (as Shimony [5] independently suggested)? Can we derive quantum mechanics from these two axioms? Popescu and Rohrlich [6] answered this question in the negative by defining hypothetical "superquantum" correlations that (unlike quantum correlations) violate the Bell-CHSH inequality maximally, while respecting relativistic causality. Others [7, 8] have shown that the axioms of nonlocality and relativistic causality, together with an additional axiom (or a stronger axiom of relativistic causality called "information causality" [8] ), rule out superquantum (or "PR-box") correlations, and come close to ruling out all stronger-than-quantum correlations. However, the physical meaning of these axioms is obscure. By contrast, I claim that relativistic causality, nonlocality, and a minimal additional axiom with clear physical meaning-namely, the existence of a classical limit-together rule out all stronger-than-quantum correlations (and not just PR-box correlations as in Ref. [9] ). Navascués and Wunderlich [10] have published a similar claim, but define the classical limit quite differently, via the "wiring" [11] of entangled systems, and not via incompatible measurements that become compatible in the classical limit.
How is the axiom of a classical limit minimal? We ask whether it is possible to generalize quantum mechanics while respecting relativistic causality, or whether quantum mechanics is unique. More specifically, we ask whether nonlocal correlations could violate the Bell-CHSH inequality more strongly than the quantum bound, Tsirelson's bound [12] , while respecting relativistic causality. But quantum mechanics has a classical limit. In this limit there are no noncommuting quantum observables; there are only jointly measurable macroscopic observables. This classical limit-our direct experience-is an inherent constraint, a kind of boundary condition, on quantum mechanics and on any generalization of quantum mechanics. Thus stronger-than-quantum correlations, too, must have a classical limit.
Consider a setting for measuring nonlocal correlations: Alice and Bob share pairs of particles on which they measure observables a, a , b and b . One particle in each such pair is in Alice's lab, and she measures either a or a (but not both); the other particle is in Bob's lab, and he measures either b or b (but not both). The result of each measurement is ±1, and Alice and Bob measure at spacelike separations. After measurements on many pairs, they pool their data and discover PR-box correlations [6] :
where C(a, b) is the correlation between Alice's measurements of a and Bob's measurements
where p ab (i, j) is the probability that measurements of a and b yield a = i and b = j. PR-box correlations violate the Bell-CHSH inequality Next, suppose that Alice measures a or a on N pairs. Let us define macroscopic observables B and B :
where b m and b m represent b and b , respectively, on the m-th pair. Alice already knows the values of B and B , and there must be "weak" measurements (analogous to weak measurements in quantum mechanics [14] ) that Bob can make to obtain partial information about Since PR-box correlations were defined without a classical limit, we cannot specify exactly how the approach to the classical limit depends on N . But this is no objection. What matters is only that when Bob detects a correlation, it is more likely that Alice measured a than when he detects an anti-correlation. If it were not more likely, it would mean that Bob's measurements yield zero information about B or about B , contradicting the fact that there is a classical limit in which B and B are jointly measurable.
For example, let us suppose Bob considers only those sets of N pairs in which B = ±1
and B = ±1. The probability of B = 1 is 2 −N . But if Alice is measuring a consistently, the probability of B = 1 and B = 1 is also 2 −N , and not 2 −2N , while the probability of B = 1 and B = −1 vanishes. If Alice is measuring a consistently, the probabilities are reversed.
(These probabilities must be folded with the scatter in Bob's measurements, but the scatter is independent of what Alice measures.) Thus with unlimited resources, Alice can send a (superluminal) signal to Bob. Superquantum (PR-box) correlations are not consistent with relativistic causality in the classical limit.
It is not just PR-box correlations that violate relativistic causality in the classical limit.
Suppose that instead of Eq.
(1) we have
where −1 ≤ C ≤ 1. If C is close enough to 1, it will still be possible for Alice to send
Bob superluminal signals in the classical limit. However, we cannot make this claim as C
decreases. There will be some critical value of C at which the correlations in Eq. (5) become compatible with relativistic causality. We would like to know if the critical value coincides with the quantum value, C Q = √ 2/2. Can we calculate this critical C?
In answering this question, we begin with a calculation that contains an (instructive)
error. First, we reformulate the result for PR boxes [9] flat distribution-and it is not flat in the classical limit-Bob will be able to detect whether Alice is measuring a or a and she will be able to send him a superluminal signal. Therefore PR-box correlations violate relativistic causality in the classical limit. directly, but we note that
regardless of what Alice measures, and the calculation of B 2 and (B ) 2 is straightforward:
where we have neglected cross-terms b j b k for j = k because b j and b k are uncorrelated, and likewise b j b k . We have
Therefore we can replace
Back to Alice and Bob. Suppose Alice measures a on many groups of N pairs. She 
with equality only in the case that A and B +B are perfectly correlated and we can say that The bound corresponding to Eq. (10) is
with equality only in the case that A = (a 1 + a 2 + . . . + a N )/N and B − B are perfectly correlated and we can say that a m and some c m are perfectly correlated for all m.
Combining Eqs. (9-11), we write
as a requirement of relativistic causality. Without loss of generality, we can assume that 
